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The phylogenetic diversity of the bacterial communities supported by a seven-stage, full-scale biological
wastewater treatment plant was studied. These reactors were operated at both mesophilic (28 to 32°C) and
thermophilic (50 to 58°C) temperatures. Community fingerprint analysis by denaturing gradient gel electro-
phoresis (DGGE) of the PCR-amplified V3 region of the 16S rRNA gene from the domain Bacteria revealed that
these seven reactors supported three distinct microbial communities. A band-counting analysis of the PCR-
DGGE results suggested that elevated reactor temperatures corresponded with reduced species richness.
Cloning of nearly complete 16S rRNA genes also suggested a reduced species richness in the thermophilic
reactors by comparing the number of clones with different nucleotide inserts versus the total number of clones
screened. While these results imply that elevated temperature can reduce species richness, other factors also
could have impacted the number of populations that were detected. Nearly complete 16S rDNA sequence
analysis showed that the thermophilic reactors were dominated by members from the 3 subdivision of the
division Proteobacteria ([3-proteobacteria) in addition to anaerobic phylotypes from the low-G+C gram-positive
and Synergistes divisions. The mesophilic reactors, however, included at least six bacterial divisions, including
Cytophaga-Flavobacterium-Bacteroides, Synergistes, Planctomycetes, low-G+C gram-positives, Holophaga-Acido-
bacterium, and Proteobacteria (-proteobacteria, 3-proteobacteria, y-proteobacteria and 8-proteobacteria sub-
divisions). The two PCR-based techniques detected the presence of similar bacterial populations but failed to
coincide on the relative distribution of these phylotypes. This suggested that at least one of these methods is
insufficiently quantitative to determine total community biodiversity—a function of both the total number of

species present (richness) and their relative distribution (evenness).

Most municipal and industrial wastewaters generated in in-
dustrialized nations are treated to prevent the deterioration of
surface water quality. Aerobic biological strategies are com-
monly used to treat wastewater containing soluble and partic-
ulate organic material. These bioreactors support mixed con-
sortia of microorganisms that can simultaneously convert a
broad spectrum of compounds into new cells, innocuous by-
products, carbon dioxide, and water. In spite of the importance
of these processes, there is only a limited understanding of the
relationship between microbial community structure and func-
tion. This is largely due to an inability to cultivate a large
fraction of the organisms identified by direct counts, typically
less than 15% for wastewater treatment processes (3).

Recent developments in cultivation-independent tech-
niques, such as the rRNA approach (25), now permit consid-
erably more detailed and accurate analysis of mixed microbial
communities. These studies have confirmed the presence of
complex microbial communities that are likely the underlying
reason for the functionally robust nature of biological waste-
water treatment systems (for examples, see references 2, 5, 22,
and 33). These studies have generally demonstrated that the
dominant members of aerobic reactors treating municipal
wastewater are from the B subdivision of the division Pro-
teobacteria (5, 22, 33). Manz et al. (22), however, found that the
dominant members of an industrial treatment facility were
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from the Cytophaga-Flavobacterium-Bacteriodes division. None-
theless, there have been very few studies investigating how
different operating variables (temperature, pH, etc.) impact
bacterial community structure and diversity.

Our recent efforts have focused on the investigation of ther-
mophilic aerobic biological treatment processes. These systems
are often reported to be advantageous compared to conven-
tional treatment processes because of more-rapid biodegrada-
tion rates and reduced cell yield without loss of physiological
function (29, 34). However, the results from our laboratory
studies suggest that thermophilic reactors are less adept at
simultaneously utilizing multiple substrates (19) and in achiev-
ing efficient removal of carbonaceous substances (T. M. La-
Para, C. H. Nakatsu, L. M. Pantea, and J. E. Alleman, submit-
ted for publication) compared to analogous mesophilic
systems. Our hypothesis was that these reductions in reactor
function were associated with a reduction in reactor microbial
diversity. Preliminary results provided by denaturing gradient
gel electrophoresis (DGGE) of PCR-amplified 16S rRNA
genes suggested that fewer distinct phylotypes were present in
bench-scale thermophilic bioreactors as determined by band
counting (16, 19).

Herein, we analyze the bacterial community structures from
a full-scale industrial wastewater treatment facility consisting
of seven reactors operated in series. This treatment facility is
quite unique (10); its first four reactors are typically operated
at thermophilic temperatures (45 to 65°C), while the final three
reactors are operated at much lower temperatures (25 to
35°C). The objective of this study was to determine if the
thermophilic reactors supported reduced biodiversity com-
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FIG. 1. Process flow schematic of the industrial wastewater treatment facility studied. Relative tank sizes are shown as HRT values. Temperatures shown indicate

values at the time of sampling.

pared to the mesophilic reactors. The phylogenetic diversity of
the thermophilic and mesophilic bioreactors was studied by
two complementary methods: (i) PCR-DGGE of the variable
V3 region of the 16S rRNA gene and (ii) cloning and deter-
mination of the nucleotide sequence of nearly complete 16S
rRNA genes amplified by PCR.

MATERIALS AND METHODS

Study site. The wastewater treatment facility consists of seven consecutive
biological reactors with temperatures ranging from as high as 58°C in the first
four tanks to as low as 28°C in the last three tanks. A process flow schematic, the
relative size of each of these reactors, and their temperatures at the time of
sampling are shown in Fig. 1. The first four tanks operate at temperatures
exceeding 45°C without cell recycling, due to poor bacterial flocculation. The
final three tanks are operated as a modified Ludzack-Ettinger (MLE) process
that achieves both nitrification and denitrification. The mean solids retention
time of each of these final three reactors is 10 days. The chemical oxygen demand
of the untreated wastewater has historically varied between 5,000 and 15,000 mg
171, This treatment facility treats wastewater generated by three different fer-
mentation processes.

Sample collection and nucleic acid extraction. Samples were collected from
each of the seven full-scale biological treatment reactors during a 30-min period
on 3 August 1998. Approximately 40 ml of well-mixed reactor samples was
collected and centrifuged (10 min; 10,000 X g). The pellet was resuspended in 10
ml of lysis buffer (120 mM sodium phosphate buffer [pH 8.0], 5% sodium dodecyl
sulfate), divided into 1.5-ml aliquots, and stored frozen at —20°C within 1 h of
sample collection. Cells were lysed by performing a 75-min incubation at 70°C
followed by two consecutive freeze-thaw cycles. Total DNA was then purified
from this solution using the FastDNA Spin kit per the manufacturer’s instruc-
tions (BIO 101; Vista, Calif.).

PCR-DGGE. Partial 16S rRNA genes were amplified from the extracted
genomic DNA by PCR using a PTC 100 thermal cycler (MJ Research, Inc.,
Watertown, Mass.). The variable V3 region of the 16S rRNA gene from mem-
bers of the domain Bacteria was amplified using the PRBA338F primer (5'-AC
TCCTACGGGAGGCAGCAG-3'; Escherichia coli positions 338 to 358) (18)
and the PRUNS518R primer (5'-ATTACCGCGGCTGCTGG-3'; E. coli posi-
tions 534 to 518) with a GC clamp (23). The final 50-pl reaction mixture
contained 1X PCR buffer (Promega, Madison, Wis.), 175 pmol of MgCl,, 4 nmol
of deoxynucleoside triphosphates, 2% bovine serum albumin, 100 pmol (each) of
forward and reverse primers, 2 units of Tag polymerase, and ~1 ng of template
DNA. The PCR protocol included a 5-min initial denaturation at 94°C, 30 cycles
of 92°C for 30 s, 55°C for 30 s, and 72°C for 30s, followed by 7 min at 72°C and
incubation at 4°C until processed further.

DGGE was performed on a D-Gene apparatus (Bio-Rad, Hercules, Calif.).
Samples containing approximately equal amounts of PCR amplicons were
loaded onto 8% (wt/vol) polyacrylamide gels (37.5:1, acrylamide:bisacrylamide)
in 0.5X Tris-acetate-EDTA (TAE) (31) with a denaturing gradient ranging from
30 to 60% denaturant (100% denaturant contains 7 M urea and 40% [vol/vol]
formamide in 0.5X TAE). Electrophoresis was performed at 60°C, initially at 20
V (15 min) and then at 200 V (270 min). Following electrophoresis, the gel was
stained with SYBR Green I (Molecular Probes, Eugene, Oreg.; diluted 1:5,000
in 0.5X TAE), visualized on a UV transillumination table, and photographed.
Photographs were digitized and analyzed using Adobe Photoshop, version 5.0.
Band intensities were determined using Scion Image software (Scion Corp.,
Frederick, Md.).

Amplification, cloning, and nucleotide sequence determination. Nearly com-
plete 16S rRNA genes were PCR amplified from genomic extracts (described
above) with the pA (5'-AGAGTTTGATCCTGGCTCAG-3'; E. coli positions 8
to 27) and pH (5'-AAGGAGGTGATCCAGCCGCA-3'; E. coli positions 1541
to 1522) primers (11). The final 50-pl reaction mixture contained 1X PCR buffer,
75 pmol of MgCl,, 4 nmol of deoxynucleoside triphosphates, 100 pmol (each) of
forward and reverse primers, 2 units of Taq polymerase, and 50 to 100 ng of
template DNA. The PCR protocol included a 5-min initial denaturation at 95°C,
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FIG. 2. DGGE community fingerprints of the consortia supported by the
seven-stage reactor system studied. Individual lanes contain 16S rDNA PCR
products from total DNA extracts. Lane 1, TBR1; lane 2, TBR2; lane 3, TBR3;
lane 4, TBR4; lane 5, MLEI; lane 6, MLE2; lane 7, MLE3.

30 cycles of 94°C for 30 s, 55°C for 30 s, and 72°C for 30 s, followed by 10 min
at 72°C and incubation at 4°C until processed further.

PCR amplicons were purified with a Wizard PCR Prep kit per the manufac-
turer’s instructions (Promega) and ligated into the pGEM-T cloning vector
(Promega). Ligated DNA was transformed into competent E. coli DH5« cells
(31). Plasmid inserts were extracted by the alkaline lysis method (31). Different
16S rDNA sequences were identified by PCR-DGGE (described above) as de-
termined by differential band migration.

Nucleotide sequences were determined using the Thermo Sequenase cycle
sequencing kit (Amersham Pharmacia Biotech, Piscataway, N.J.) and an ALFex-
press automated sequencer (Amersham Pharmacia Biotech). Nucleotide se-
quences of all clones were determined at least twice.

Data analysis. Nucleotide sequences were compared with sequences in the
GenBank database (4) with the BLASTn program (1) and the SEQUENCE
_MATCH program using the Ribosomal Database Project (RDP) database (21).
Nucleotide sequences were also checked for possible chimeric sequences with
the CHECK_CHIMERA program at the RDP website. Putative chimeric se-
quences were also manually split into three different components and resubmit-
ted to RDP to determine if the segments were from distinct phylogenetic groups.

Phylogenetic trees were constructed by the neighbor-joining method (30) using
DNAMAN version 4.1 software (Lynnon Biosoft, Vaudreuil-Dorion, Quebec,
Canada). Different nucleotide sequences were arbitrarily clustered into groups
with similarities of >97% to reduce the size of the dendrograms. Reference
nucleotide sequences used in tree construction were obtained from the GenBank
database. Nearly complete 16S rDNA sequences (>1,500 bp) from this study as
well as reference sequences were optimally aligned (13, 37) prior to tree con-
struction.

Nucleotide sequence accession numbers. The nucleotide sequences obtained
in this study have been deposited in the GenBank database under accession no.
AF280819 to AF280867.

RESULTS

Fingerprinting of reactor communities by DGGE. Bacterial
community structures of the seven bioreactors were initially
screened by DGGE of the PCR-amplified variable V3 region
of the 16S rRNA gene (Fig. 2). The first three bioreactors
(TBR1, TBR2, and TBR3), operated at temperatures from 54
to 58°C and a hydraulic retention time (HRT) of 7 h, had
community fingerprints similar to each other but unique com-
pared to the other four reactors. The fourth bioreactor
(TBR4), operating at a temperature of 50°C and an HRT of
15 h, had several bands that comigrated with those from TBR1
through TBR3 but still had a unique fingerprint compared to
the other six samples. The last three bioreactors (MLEIL,
MLE2, and MLE3), each operating at temperatures of 28 to
32°C, an HRT of 4 days, and a mean solids retention time of 10
days, had community fingerprints similar to each other but
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FIG. 3. Collector’s curves of the unique E. coli clones with 16S rDNA inserts
versus the total number of clones screened from TBR4 and MLEI. The collec-
tor’s curve from TBR1 was similar to that from TBR4 (data not shown). O,
TBR4; @, MLEI.

unique compared to the other four reactors. The total number
of discernible bands was as follows: TBR1 through TBR3, 15
bands; TBR4, 22 bands; and MLE1 through MLE3, 30 bands.

Identification of community members by 16S rDNA librar-
ies. Bacterial diversity found in these bioreactors was further
investigated by cloning PCR-amplified, nearly complete 16S
rRNA genes. Clone libraries were constructed from each of
the three unique bacterial communities that were revealed by
PCR-DGGE, using TBR1, TBR4, and MLE1 as representative
samples. A total of 144 clones (19 from TBR1, 80 from TBR4,
and 45 from MLE1) were screened by PCR amplification of
the V3 region of these inserts, followed by DGGE to identify
clones with different melting characteristics. Using this ap-
proach, 9 different 16S rRNA genes were identified from
TBR1, 10 from TBR4, and 31 from MLE]1. Collector’s curves
showing the number of clones with different nucleotide se-
quences versus the total number of clones analyzed revealed
plateau-shaped plots for the TBR1 and TBR4 clones (Fig. 3),
although collector’s curve plots of the MLE1 clones failed to
plateau (Fig. 3). The plot for TBR1 followed the same pattern
as that for TBR4 (data not shown).

Clones with nearly complete 16S rDNA inserts corre-
sponded to the majority of bands in the PCR-DGGE finger-
prints for TBR1 through TBR3 (Fig. 4) and MLEI through
MLE3 (data not shown). However, there were some discrep-
ancies, such as clone tbr1-14 (Fig. 4, lane 10), which failed to
correspond to any specific band in the mixed-genomic PCR-
DGGE. Conversely, the most intense band in the mixed-
genomic PCR-DGGE from MLE1 through MLE3 (Fig. 2,
lanes 5 to 7) had no corresponding 16S rDNA clone (data not
shown). Furthermore, a comparison between PCR-DGGE
band intensities revealed no obvious correlation with clone
frequency (Fig. 5). Clones containing nearly complete 16S
rDNA from TBR4, however, corresponded to a fraction of
bands (~70%) in the PCR-DGGE fingerprint. Therefore, ad-
ditional cloning was performed on PCR amplicons of the vari-
able V3 region of the 16S rRNA gene. Another 46 clones were
screened, including 4 clones that corresponded to previously
unmatched bands in the PCR-DGGE for TBR4 (data not
shown).
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FIG. 4. Comparison of DGGE fingerprints of the TBR1 mixed community to
E. coli clones containing complete 16S rRNA genes. Numbers in parentheses
represent the percentage of the particular TBR1 clone out of the total number
of clones screened. Lanes 1 and 11, TBR1 community; lane 2, clone tbr1-10; lane
3, clone tbr1-8; lane 4, clone tbrl-1; lane 5, clone tbr1-9; lane 6, clone tbr1-2; lane
7, clone tbr1-13; lane 8, clone tbr1-3; lane 9, clone tbr1-4; lane 10, clone tbr1-14.

Nucleotide sequence analysis. Nucleotide sequences were
determined for 50 nearly complete 16S rDNA clones and 4
partial 16S rDNA clones. No chimeric sequences were found
among the clones from TBR1 and TBR4, but four chimeric
sequences were found among the clones from MLE1 and were
discarded from further analysis. With the BLASTn and/or SE-
QUENCE_MATCH algorithms, the majority of the nearly
complete 16S rDNA nucleotide sequences had >90% similar-
ity to reference strains found in the GenBank and RDP data-
bases (Table 1). One of the TBR1 clones was tentatively iden-
tified as one of the fermentation process organisms (data not
shown) and discarded from further analysis for confidentiality
reasons. Partial TBR4 nucleotide sequences were related to
sequences from the +y-proteobacteria subdivision (three clones)
and Verrucomicrobium division (one clone).

Dendrograms were generated to help visualize the phyloge-
netic relationships between the nucleotide sequences deter-
mined from TBR1 and TBR4 clones (Fig. 6) and MLE1 clones
(Fig. 7) and those of previously established bacterial lineages.

APPL. ENVIRON. MICROBIOL.

Clones from the two thermophilic reactors grouped with the 3
subdivision of the Proteobacteria division as well as the low-
G+C gram-positive and Synergistes divisions. The MLEI1
clones contained representatives from the following bacterial
divisions: Cytophaga-Flavobacterium-Bacteroides, Synergistes,
Planctomycetes, low-G+C gram-positives, Holophaga-Acido-
bacterium, and Proteobacteria (o-proteobacteria, 3-proteobac-
teria, d-proteobacteria, and vy-proteobacteria subdivisions).
Numerous MLE1 clones that had relatively low similarity to
reference sequences (<85%) also were not closely associated
with any known bacterial division shown in Fig. 7.

DISCUSSION

Cultivation-independent analysis of bacterial community
structure in seven full-scale bioreactors operated at both ther-
mophilic and mesophilic temperatures revealed findings simi-
lar to those found in previous bench-scale studies investigating
biological wastewater treatment as impacted by elevated tem-
peratures. PCR-DGGE results suggested by a simple band-
counting approach (30 versus 15 to 20 bands) that the bacterial
community supported by the mesophilic reactors (MLE1
through MLE3) supported a greater number of bacterial pop-
ulations than the thermophilic reactors (TBR1 through TBR4).
That is, assuming each DGGE band is representative of a
specific bacterial population, then the number of distinctive
bands is proportional to total community richness. This result
was corroborated by analogous data by comparing the number
of nearly complete 16S rDNA clones obtained from each of
these three distinct communities. Collector’s curves showed
that the plateau level from plots of clones found in the meso-
philic reactors (>31 unique phylotypes) was much greater than
that of either of the two thermophilic reactors studied (9 to 10
unique phylotypes). This reduction in the number of bacterial
populations at higher temperatures is consistent with our pre-
vious laboratory studies (16, 19). These studies also demon-
strated that the thermophilic microorganisms growing in these
bioreactors were less capable of simultaneously utilizing mul-
tiple substrates (19), maintaining membrane integrity under
substrate-depleted conditions (16), and achieving efficient
chemical oxygen demand removal (LaPara et al., submitted).

Nucleotide sequence data (Table 1) further suggested that
the compositions of the mesophilic and thermophilic commu-
nities were of different phylogenetic distributions. Nearly com-
plete 16S rDNA clones from the thermophilic reactors all
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FIG. 5. Comparison between PCR-DGGE band intensities and nearly complete 16S rDNA clone frequencies from TBR1. Numbers along the abscissa denote
PCR-DGGE bands without a corresponding 16S rDNA clone. Phylotypes detected by both PCR-DGGE and cloning are denoted by their clone designation.
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TABLE 1. Sequence length and closest phylogenetic affiliation of the clones analyzed in this study
Clone Sequence length Phylogenetic relationship
no. (bases) Species Accession no. % Similarity
tbrl-1 1,526 Clostridium hastiforme X80841 91.6
tbr1-2 1,514 Thermanaerovibrio acidaminovorans AF071414 97.7
tbrl-3 1,528 B-Proteobacterium HMD 444 AB015328 98.8
tbrl-4 1,524 B-Proteobacterium HMD 444 AB015328 98.4
tbrl-8 1,587 Thermoanaerobacterium thermosulfurigenes L09171 97.4
tbr1-9 1,524 Clostridium ultanese 769293 90.6
tbr1-10 1,512 Clostridium indolis AF028351 88.4
tbrl-14 1,540 B-Proteobacterium HMD 444 AB015328 93.4
tbr4-2 1,528 B-Proteobacterium HMD 444 AB015328 98.3
tbr4-5 1,528 B-Proteobacterium HMD 444 AB015328 98.9
tbr4-7 1,512 Thermanaerovibrio acidaminovorans AF071414 97.7
tbr4-10 1,527 B-Proteobacterium HMD 444 AB015328 98.1
tbr4-15 1,513 Clostridium termitidis X71854 89.6
tbr4-23 1,535 B-Proteobacterium HMD 444 AB015328 92.9
tbr4-24 1,526 B-Proteobacterium HMD 444 AB015328 98.6
tbr4-27 1,544 B-Proteobacterium HMD 444 AB015328 92.2
tbr4-67 1,526 B-Proteobacterium HMD 444 AB015328 98.6
tbr4-78 1,587 Thermoanaerobacterium thermosulfurigenes L09171 97.4
tbr4-84 196 Unidentified y-proteobacterium AB010854 95.4
tbr4-92 193 Unidentified rumen bacterium AF018466 89.1
tbr4-118 197 Pseudomonas species AJ007005 97.0
tbr4-119 198 Verrucomicrobium species X99392 93.8
mlel-2 1,519 Bacteroides distasonis M86695 91.1
mlel-3 1,527 B-Proteobacterium HMD 444 AB015328 98.9
mlel-4 1,484 Mycoplana ramosa D13944 91.9
mlel-5 1,515 Thermanaerovibrio acidaminovorans AF071414 97.5
mlel-6 1,519 Hydrogenophaga palleronii AF078769 97.3
mlel-7 1,531 Pseudomonas lemoignei X92555 90.0
mlel-8 1,571 Planctomyces maris AJ231184 77.1
mlel-9 1,506 Acidaminococcus fermentans X78017 82.5
mlel-12 1,505 Spirulina species X75044 84.2
mlel-13 1,482 Rhodospirillum salinarum D14432 89.3
mlel-14 1,530 B-Proteobacterium HMD 444 AB015328 98.8
mlel-16 1,539 Bacillus methanolicus X64465 81.8
mlel-19 1,521 Leptothrix cholodnii X97070 96.2
mlel-20 1,458 Rhodobacter veldkampii D16421 96.2
mlel-22 1,505 Nannocystis exedens AJ233947 96.8
mlel-25 1,546 Clone iii3-7 795731 97.7
mlel-27 1,545 Clone OPBS55 AF026993 81.8
mlel-29 1,549 Polyangium species M94280 96.8
mlel-31 1,541 Desulfobacterium macestii AJ237604 98.7
mlel-32 1,528 B-Proteobacterium HMD 444 AB015328 99.8
mlel-33 1,535 Uncultured bacterium H20 AF072920 93.8
mlel-41 1,517 Pirellula species X81938 88.2
mlel-42 1,513 Clone vadinCA02 U81706 96.3
mlel-43 1,529 B-Proteobacterium HMD 444 AB015328 98.8
mlel-44 1,477 Mesorhizobium tianshanense AF041447 97.3
mlel-45 1,541 Xanthomonas campestris AF123092 94.9
mlel-48 1,476 Uncultured bacterium SJA-15 AJ009453 83.2

grouped with the B-proteobacteria and anaerobic members of
the low-G+C gram-positive bacteria and Synergistes divisions
(Fig. 6). Conversely, clones from MLE1 were more broadly
distributed phylogenetically, grouping into at least six different
divisions (including four Proteobacteria subdivisions). The larg-
est fraction of the MLEL1 clones were Proteobacteria (57%), of
which 60% were from the B subdivision; these distributions are
similar to previous studies of other mesophilic wastewater
treatment reactors (5, 33).

Critical analysis of the clones suggests that these results may
overestimate the richness of physiologically active microorgan-
isms. In the thermophilic reactors, several phylotypes were
detected that clustered with obligate anaerobes in the low-
G+C gram-positive and Synergistes divisions (Fig. 6). The pres-

ence of anaerobic environments within these four reactors
seems unlikely because of the aggressive aeration employed
and the lack of microbial floccule particles (20) that could offer
an anaerobic microenvironment. Although speculative, the
presence of inactive anaerobes in these reactors seems plausi-
ble if these anaerobic phylotypes originally grew in the equal-
ization tank (Fig. 1), which is not aerated, and then flowed into
the aerated reactors along with the wastewater. These cells
need not be active to be detected; it requires only that their
DNA remain intact to be extracted and then amplified by PCR
(36). If these phylotypes were indeed anaerobic and physiolog-
ically inactive, then the richness of the active bacterial com-
munity in thermophilic reactors would be about half of that
suggested by the nearly complete 16S rDNA cloning.
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Cytophaga-Flavobacterium-Bacteroides division.

Likewise, several 16S rDNA clones from MLE1 were highly
related to some of the TBR1 and TBR4 clones (mlel-3,
mlel-5, mlel-14, mle1-32, and mle1-43). Assuming that these
phylotypes were physiologically adapted to thermophilic tem-
peratures, it is unlikely that they were also functionally domi-
nant in the mesophilic reactors. Nonetheless, a comparison of
the plateau values from the collector’s curves of the MLE1 and
TBR4 clones suggests at least a threefold decrease in species

richness from mesophilic to thermophilic reactor temperatures,
respectively. A similar study observed a twofold reduction in
richness with anaerobic bioreactors operated at thermophilic
temperatures compared to those at mesophilic temperatures
(32).

The present study is unique in that two different PCR-based
methods of community analysis were used. Each should pro-
vide analogous data, but each with its particular advantages
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FIG. 7. Neighbor-joining tree showing the phylogenetic relationship of MLE1 clones aligned with reference strains from the domain Bacteria based on 16S rDNA
sequences. Bootstrap values are shown for nodes that had >50% support in a bootstrap analysis of 10,000 replicates. Clones studied herein are presented in boldface.
Clones with >97% similarity were clustered and are listed on the same tree branch. The scale bar indicates an estimated change of 5%. Arrows identify clones that
do not associate well with any known bacterial division. CFB, Cytophaga-Flavobacterium-Bacteroides division.

and disadvantages. PCR-DGGE is a convenient tool for ana-
lyzing community shifts but involves only a small region (~200
bp) of the 16S rRNA gene. Cloning of PCR-amplified, nearly
complete 16S rDNA provides more definitive phylogenetic

data because, simply put, it involves a larger portion of the 16S
rRNA gene. The cloning approach, however, is considerably
more cumbersome and time consuming. Our goal for this study
was to use PCR-DGGE to serve as a screening tool to optimize
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the implementation of 16S rDNA cloning and nucleotide se-
quencing. However, our results from these two PCR-based
methods reveal inconsistencies that require further discussion.

The two PCR-based techniques provided quite similar data
as far as the different phylotypes that were detected in TBR1
and MLEI. For example, in TBR1 only three PCR-DGGE
bands had no corresponding clone, and only one clone (tbrl-
14) had no corresponding PCR-DGGE band (Fig. 4). In two
instances, single clones appeared to correspond to two distin-
guishable PCR-DGGE bands (Fig. 4, lanes 7 and 9), indicating
that simple counts of band numbers may slightly overestimate
total community richness. Conversely, counting PCR-DGGE
bands could underestimate species richness if PCR amplicons
of different sequences comigrated. The correlation between
the phylotypes detected by PCR-DGGE and cloning was not as
good with TBR4; cloning and determination of the nucleotide
sequence of the PCR-amplified V3 region of 16S rRNA genes
revealed that these populations were phylogenetically distinct
(3-proteobacteria subdivision and Verrucomicrobium division)
compared to the nearly complete 16S rDNA clones obtained
from TBR1 or TBR4. The discrepancies in the phylotypes
revealed by these two PCR-based techniques are potentially
caused by differences in the quality of match between primers
and template (i.e., the number and location of mismatches)
within members of the domain Bacteria.

While both PCR primer sets jointly identified several phy-
lotypes in each reactor studied, the relative distribution of
these phylotypes (i.e., DGGE band intensity versus clone fre-
quency [Fig. 5]) was sufficiently inconsistent to suggest that at
least one of these PCR-based techniques used to analyze 16S
rRNA genes is not appropriate to determine overall commu-
nity biodiversity—a function of both community richness and
evenness. Numerous experimental artifacts can be introduced
at each of the analytical steps employed by the approach,
including sample storage (28), DNA extraction (39), PCR (12,
14, 15, 26, 35), DGGE (7, 17, 38), and cloning (26). Although
reasonable attempts were made to avoid these biases, discrep-
ancies still arose between the two PCR-based analyses used.
There was a generally poor correlation between individual
band intensity revealed by PCR-DGGE and the corresponding
fraction of total clones screened for the same phylotype (Fig.
5). This poor correlation was possibly caused by quantitative
biases that occur with mixed-genomic template PCR (15) with
one or both primer sets. A recent study (6) has concluded that
the primers used to amplify the V3 region of 16S rRNA gene
produce a quantitative relationship between gene copy number
and PCR-DGGE band intensity; however, other factors, such
as the number of rRNA genes per genome (24), genomes per
cell, and size of the genome (12), still must be considered prior
to correlating results to absolute numbers of cells.

In conclusion, the seven full-scale bioreactors used to treat a
pharmaceutical wastewater supported at least three distinct
microbial communities. Four of these reactors, operated at
thermophilic temperatures, supported fewer distinct bacterial
populations than the remaining three mesophilic reactors. The
PCR-based techniques used for cultivation-independent anal-
ysis of these mixed microbial communities were inconsistent in
showing the relative distribution of phylotypes, suggesting that
total community biodiversity (a measure of both richness and
evenness) could not be assayed by one or both approaches.
Future attempts to analyze the total biodiversity of mixed mi-
crobial communities should therefore complement these PCR-
based techniques, which routinely reveal unique phylotypes (5,
33) but may not do so in a quantitative manner, with more
quantitative techniques such as in situ hybridization (2, 3) or
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quantitative slot blot hybridization (8, 9) to measure species
evenness.
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